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ABSTRACT
Observations with the Atacama Large Millimeter/Submillimeter array (ALMA) have dramatically
improved our understanding of the site of exoplanet formation: protoplanetary discs. However, many
basic properties of these discs are not well-understood. The most fundamental of these is the total disc
mass, which sets the mass budget for planet formation. Discs with sufficiently high masses can excite
gravitational instability and drive spiral arms that are detectable with ALMA . Although spirals have
been detected in ALMA observations of the dust , their association with gravitational instability, and
high disc masses, is far from clear. Here we report a prediction for kinematic evidence of gravitational
instability. Using hydrodynamics simulations coupled with radiative transfer calculations, we show
that a disc undergoing such instability has clear kinematic signatures in molecular line observations
across the entire disc azimuth and radius which are independent of viewing angle. If these signatures
are detected, it will provide the clearest evidence for the occurrence of gravitational instability in
planet-forming discs, and provide a crucial way to measure disc masses.
1. INTRODUCTION
It has become clear that most, if not all, protoplane-
tary discs contain some degree of substructure. Specifi-
cally, spirals have been readily observed in discs in scat-
tered light at micron wavelengths (Benisty et al. 2015;
Stolker et al. 2016) and in dust emission at mm wave-
lengths (Pe´rez et al. 2016; Dong et al. 2018b; Huang
et al. 2018). Unlike other structures, such as rings,
which are readily explained by planets (Dipierro et al.
2015, 2018b) thanks to kinematic detections (Teague
et al. 2018; Pinte et al. 2018; Teague et al. 2019a; Pinte
et al. 2019, 2020), thermal detections (Keppler et al.
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2018) and accretion confirmation (Haffert et al. 2019),
the origin of spiral morphology remains ambiguous.
Density waves excited by & Jovian mass planets can
quantitatively match the observed spirals in scattered
light in both contrast and morphology (Dong et al.
2015b; Fung & Dong 2015; Dong & Fung 2017). Some
spirals may be due to binary companions, either internal
to the disc (Price et al. 2018a) or external to it (Forgan
et al. 2018b). While possible, it is unlikely that most
spirals are caused by stellar flybys since close encoun-
ters between stars are statistically much rarer in the
majority of star formation regions compared with the
observed occurrence rate of spirals (Winter et al. 2018).
Meanwhile, gravitational instability (GI) can also pro-
duce spirals. As a rule of thumb, a disc-to-star mass ra-
tio& 10% is needed to trigger GI and produce detectable
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spirals (Dong et al. 2015a; Hall et al. 2016, 2019).
However, directly measuring disc mass is almost im-
possible. The main constituent, molecular hydrogen
(H2), lacks a dipole moment, and at the low temper-
atures found in the bulk of protoplanetary discs emits
only through faint quadrupole transitions. Disc masses
can, however, be estimated by converting continuum
flux density at millimeter/sub-millimeter wavelengths to
a total dust mass, then scaling by a constant ratio to
obtain a total gas mass (Beckwith et al. 1990). This
method is plagued by uncertainties in basic quantities
such as the dust opacity and the dust to gas mass ratio
(Andrews 2020). A method thought to be more accurate
is measurement of line emission from other molecules
thought to trace H2, including HD (Bergin et al. 2013;
McClure et al. 2016), CO, and its less abundant iso-
topologues (Williams & Best 2014), and converted to
H2 mass through assumed abundance ratios. However,
molecular abundances are believed to vary both spatially
and temporally within a disc (Ilee et al. 2017; Que´nard
et al. 2018; Zhang et al. 2019), rendering the conver-
sion from measured line flux density to a total gas mass
highly model dependent (Trapman et al. 2017).
Differentiating between these hypotheses is of crucial
importance in planet formation. If spirals are predom-
inately produced by giant planets, then the detection
rate of such spirals can directly inform us about the oc-
currence rate and properties of giant planets (Hall et al.
2017; Forgan et al. 2018a; Dong et al. 2018a). If, on the
other hand, most spirals are caused by GI, their exis-
tence and morphology can be used to infer fundamental
disc properties, such as disc mass (Dong et al. 2015a;
Haworth et al. 2020; Cadman et al. 2020), and there-
fore constrain planetary mass budgets and formation
timescales (Nayakshin et al. 2020) on a comprehensive
scale.
However, identifying the true origin of spirals in discs
is difficult. The best way to confirm the planetary origin
is to directly detect the putative spiral-causing planets.
Except in rare cases (Wagner et al. 2019), planets associ-
ated with spiral structures have largely evaded detection
in direct imaging searches to date, possibly because they
are faint (Brittain et al. 2020; Humphries et al. 2020).
Simulations have shown that it is theoretically pos-
sible to differentiate between GI and planets by mea-
surement of spiral pitch angles. GI creates logarithmic,
symmetric spiral arms (Hall et al. 2016; Forgan et al.
2018b), with the number of spiral arms, m, determined
by the disc-to-star mass ratio such that m ∼ 1/q (Dong
et al. 2015a). Planets and external binary companions,
instead induce spirals with variable pitch angles (Dong
et al. 2015b; Forgan et al. 2018b). However, in practice,
synthesised observations of spirals formed through these
two mechanisms, at both mm and micron wavelengths,
appear very similar with current instrumentation (Dong
et al. 2015a,b; Meru et al. 2017).
Our approach in this work is to present the dynamical
effect of GI on the gas disc, traceable with molecular line
emission, and introduce new diagnostic tools to identify
GI unstable discs with gas observations. In the planet-
in-disc case, the bulk kinematics are dominated by Kep-
lerian rotation, modulated by a radial pressure gradient
such that the gas orbits at slightly sub-Keplerian veloc-
ity. If a planet is present, then its wake will cause a de-
viation that is strongest closest to the planet, resulting
in a localised “kink” near the planet when observed in
molecular line emission (Teague et al. 2018; Pinte et al.
2018; Pe´rez et al. 2018; Teague et al. 2019a; Pinte et al.
2019, 2020).
2. METHODS
2.1. Hydrodynamical model.
We performed a three-dimensional, dusty, gaseous
global hydrodynamical simulation using the Phantom
Smoothed Particle Hydrodynamics code (Price et al.
2018b). Dust was modelled self-consistently with the gas
using the “one-fluid” technique (Hutchison et al. 2018;
Ballabio et al. 2018) in the strongly-coupled regime. We
used 1 million SPH particles, and followed the grain frac-
tion of dust particles in sizes ranging from 1 micron to 4
mm in 5 size bins. We included dust since the tempera-
ture of dust sets the thermal structure for the surround-
ing gas, and we also include the force exerted on the gas
by the dust, since this has a pronounced effect on the
ultimate gaseous structure (Dipierro et al. 2018a). We
assumed a central stellar mass of 0.6 M, and a total
disc mass of 0.3 M. The central star was represented
by a sink particle (Bate et al. 1995), with accretion ra-
dius set to 1 au.
We set the initial inner and outer disc radii to 10
au and 300 au respectively. The surface density and
sound speed profiles were set as Σg ∝ R−1 and cs ∝
R−0.25 respectively. These properties are consistent
with observed candidates for self-gravitating protoplane-
tary discs (Pe´rez et al. 2016; Andrews et al. 2018; Huang
et al. 2018), and have been extensively used in previous
modelling (Meru et al. 2017; Tomida et al. 2017; Hall
et al. 2018, 2019). We assumed a polytropic equation
of state, and heating in the simulation is provided by
shocks and pressure-volume (P dV ) work. The disc was
initially set as stable to self-gravitating spirals, such that
the Toomre parameter (Toomre 1964),Q is
Q =
csκ
piGΣ
& 2 (1)
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Figure 1. Hydrodynamical model of a self-gravitating disc. Rendered surface density images of gas and dust grains of
varying sizes, in units of log10 g cm
−2. Small dust grains are well-mixed with the gas, while dust grains up to ∼5mm experience
particle trapping. The maximal radial extent of each disc is R ∼ 300 au.
data from /Users/ch427/work/kinematics_gi/production_data/d30/13CO/data_13C16O
Bottom from /Users/ch427/work/kinematics_gi/production_data/d30/modify_vkep/mcfost_of_modified_dumps/
vkep_NO_SG/data_13C16O
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Figure 2. Predicted emission for gravitational instability. Hydrodynamical model of a self-gravitating disc, post-
processed with radiative transfer to produce emission maps of 13CO J = 3 → 2 transition. Top row shows the unaltered,
self-gravitating velocity structure, while the bottom row assumes a purely Keplerian velocity. The “GI wiggle” is circled in the
top central channel, and is visible at all deviations from the systemic velocity. The bottom row shows this signature is not
present if the velocities are not self-gravitating.
everywhere in the disc, where κ is epicyclic frequncy,
which for a disc in Keplerian rotation is simply Ω =√
GM
R3 , G is the gravitational constant and Σ is surface
density. We implemented “β” cooling (Gammie 2001), a
simple cooling prescription where the cooling timescale,
tc, is a linear function of the dynamical timescale, such
that tc = βtdyn. The dynamical timescale is simply the
rotation period, 2piΩ , and we set β = 15. We evolved
the disc for several outer orbital periods. The spatial
distribution of a dust grain of size ai and density ρi is
determined by its Stokes number (Birnstiel et al. 2010),
St =
piaiρi
2Σg
. (2)
The velocity of dust relative to the gas depends on St.
For St  1, the dust is well-coupled and follows the
gas drag. For St  1, the dust is decoupled and does
not respond to the gas. The maximum relative velocity
occurs for St = 1, resulting in particle trapping in the
disc as density gradients peak inside spiral arms (Rice
et al. 2004). In our simulations, we see efficient trapping
for particles &mm. The model surface density is shown
in Figure 1, along with two example grain sizes.
2.2. Thermal disc structure.
We used the Monte Carlo radiative transfer MCFOST
code (Pinte et al. 2006, 2009) to compute the disc ther-
mal structure and synthetic 13CO J = 3→ 2 line maps.
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Figure 3. Actual and observed velocity fields.Top 3 panels on the left show velocity elements in star reference frame. In
Keplerian rotation vr = 0. Top center shows rotation is super-Keplerian throughout most of the disc. vz is most positive in
the density peak of spiral arm, and most negative in the inter-arm region. Bottom 3 panels show the velocity components in
frame of observer at inclination of 30◦. End right panel is the total observed velocity field (also known as moment-1), with the
projected Keplerian velocity field (vφ = [GM∗/r]
1
2 ) subtracted. The velocity deviation, clearly observed as finger-like structure
at ∼ [0′′,1′′] pushes additional emission into a given velocity channel, responsible for the GI wiggle circled in Figure 2.
We assumed Tgas = Tdust, and used 10
8 photon pack-
ets to calculate Tdust. We also assumed that the
13CO
molecule is in local thermodynamic equilibrium (LTE).
It is reasonable to assume LTE for low-J lines since CO
density is above the critical density for collisions to dom-
inate over radiation. We set the 13CO abundance equal
to 7 × 10−7 relative to the local H2. The parameters
for the central star were set to match those of a typi-
cal self-gravitating protostellar disc candidate, the Elias
2-27 system (Andrews et al. 2009), with temperature
T = 3850 K, M = 0.6 M and R∗ = 2.3 R.
The SPH density structure underwent Voronoi tesse-
lation such that each SPH particle corresponds to an
MCFOST cell. The dust composition was assumed to
be a mixture of silicate and amorphous carbon (Draine
& Lee 1984) and optical properties were calculated us-
ing the Mie theory. We used a grain population with
100 logarithmic bins ranging in size from 0.03 µm to 4
mm. At each position in the model, the dust density of
a grain size ai was obtained by interpolating from the
SPH dust sizes. We assumed that grain sizes smaller
than half the smallest SPH grain size (so 0.5 µm) are
perfectly coupled to the gas distribution. We assume
there are no grains larger than those present in the SPH
simulation. The dust size distribution was normalised
by integrating over all grain sizes, where a power-law
relation between grain size a and number density of dust
grains n(a) was assumed such that dn(a) ∝ a−3.5 da.
2.3. 13CO channel map and object velocity field
The system was synthetically observed at a distance of
140 pc and inclination of 30 ◦. We assumed a turbulent
velocity of 0.05 km s−1. 13CO maps were generated at
a Hanning-smoothed spectral resolution of 0.03 km s−1,
and then convolved with a beam of size 0.11′′ × 0.07′′,
with a position angle of −38◦, matching recent ALMA
observations that had the spectral and spatial resolu-
tion to kinematically detect a planet (Pinte et al. 2019).
Since we do not aim to perform a detailed fitting to any
particular observation, we show our synthetic maps with
fully sampled uv-plane. It has already been determined
that this process does not affect observational results
compared to more sophisticated analysis, and does in-
deed provide a good approximation for comparing mod-
els to data (Pinte et al. 2019). The resulting channel
map is shown in Figure 2.
The velocity field of the simulation is shown in the left-
most panels of Figure 3. We determined the observed
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Figure 4. Relation between underlying structure and observed emission. Left panel shows observed velocity relative
to Keplerian rotation, with the line vobs − vkepobs = 0 drawn in black. Center panel shows surface density calculated, calculated
by integrating along the line of sight at an observed inclination angle of 30◦. The line vobs − vkepobs = 0 is shown in black. Faster
emission relative to Keplerian comes from the density peak of spiral arm. Slower emission is from inter-arm region. Right panel
is zoomed in velocity centroid (top center Figure 2) showing how this affects observed emission.
velocity field of this observation by calculating the in-
tensity weighted average velocity of the emission line
profile. This is also known as a “moment-1” map, and
is obtained through
〈v〉 =
∫∞
−∞ vI(v)dv∫∞
−∞ I(v)dv
, (3)
where the denominator is simply the integrated line in-
tensity. We then calculated equation 3 for the case
where velocities were set to exactly Keplerian, and sub-
tracted this result from the original velocities. The re-
sulting observed velocity is shown in the rightmost panel
of Figure 3.
3. RESULTS
Our results show that GI, unlike an embedded pro-
toplanet, causes deviations from Keplerian rotation
throughout the disc, resulting in velocity “kinks” across
the entire radial and azimuthal extent of the disc. This
is shown in the channel maps in Figure 2. We call these
kinks the “GI wiggle”.
We circle the GI wiggle at the systemic velocity, how-
ever it is clearly seen at all velocities in the disc. Unlike
a planet-induced perturbation, which results in a local-
ized kink, there are multiple kinks in the Keplerian cone.
In the bottom row of Figure 2, the velocity of the hy-
drodynamics simulation was set to equal exactly Keple-
rian, and synthetic line maps were generated in the exact
same way as for the self gravitating case. There is no
observed substructure in this case, which demonstrates
that it is velocity perturbation, rather than perturba-
tion of density structure, which is the cause of this GI
wiggle.
The velocity field of the self-gravitating disc is shown
in Figure 3. The top left panel shows the radial veloc-
ity in the reference frame of the star, top center panel
shows the deviation from Keplerian rotation (where we
define vkepφ = (GM∗/r)
1
2 in azimuthal velocity, and top
right shows z-component of velocity (where positive z is
out of the page) all calculated directly from the hydro-
dynamics simulation. In Keplerian rotation, vr = 0 and
vφ−vkepφ = 0. Bottom panels show each contribution to
the observed velocity vobs, given by
vobs = vφ sin(i) cos(φ)︸ ︷︷ ︸
rotational
+ vr sin(i) sin(φ)︸ ︷︷ ︸
radial
+ vz cos(i)︸ ︷︷ ︸
vertical
+vsystemic.
(4)
The rightmost panel is the observed velocity field
(moment-1), with observed Keplerian rotation sub-
tracted. It clearly shows interlocking, finger-like struc-
ture between [0′′, 0′′] and [0′′,1.5′′]. This deviation
essentially pushes extra emission into adjacent chan-
nels at a given velocity, causing the GI wiggle seen
in Figure 2. We emphasise that perturbations do not
create extra emission, but simply relocate emission in
position-position-velocity space.
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Figure 3 shows that GI spirals have strong velocity
perturbations across their azimuthal extent. This is why
the GI wiggle is seen in multiple channels, as shown in
Figure 2. Planetary companions, on the other hand,
create velocity deviations that are only strong enough to
be detected in line emission close to the planet. Figure
3 also shows that GI spirals have multiple perturbations
across radial extent of the disc, which is why the GI
wiggle has multiple inflection points.
It is difficult to directly relate the velocity structure in
left and center panels of Figure 3 to the observed veloc-
ity, since the observed velocity, vobs, is the superposition
of the projection of rotational, radial, and vertical com-
ponents, as demonstrated in equation 4.
Under the assumption of an azimuthally symmetric
velocity distribution, these three velocity components
are readily disentangled (Teague et al. 2019b), since they
each have differing dependence on azimuthal angle φ.
However, as demonstrated by Figure 3, the velocity dis-
tribution in a self-gravitating disc deviates strongly from
azimuthal symmetry.
We attribute these features to the underlying disc
structure in Figure 4. Left panel shows vobs − vkepobs in
the moment-1 map, where we have traced the line of
vobs − vkepobs = 0 in the interlocking fingers. Center panel
shows the projected surface density of the disc calculated
at the observed inclination angle (30◦), integrated along
this line of sight. The location of vobs−vkepobs = 0 is plot-
ted in black. The strong perturbations in radial velocity,
shown in Figure 3, cause a radius of faster rotating ma-
terial to have a higher velocity in the red-shifted side of
the disc, but a lower velocity in the blue-shifted side.
The right panel of Figure 4 is a zoomed in version of
the velocity centroid (∆v = 0.0 km s−1) in Figure 2.
Over-plotted in white is the line vobs− vkepobs = 0. At the
base of each “finger” there is missing emission, which has
been “stolen” by the adjacent velocity channel. For the
vobs < v
kep
obs fingers, it has been “stolen” by the slower
velocity channel adjacent to the centroid. For the vobs >
vkepobs fingers, it has been stolen by the faster velocity
channel adjacent to the centroid. At the tip of each
finger, extra emission is present by the same mechanism.
3.1. Contribution of velocity components
The six leftmost panels in Figure 3 show that GI discs
differ significantly from Keplerian rotation in vr, vφ and
vz. To determine which velocity component deviations
contribute most strongly to the GI wiggle, we repeat the
procedure outlined above for three additional cases:
1. vz as the perturbed GI velocity, vr = 0 and vφ =
vKeplerian.
2. vr as the perturbed GI velocity, vφ = vKeplerian
and vz = 0.
3. vphi as the perturbed GI velocity, vr = 0 and vz =
0 set to Keplerian rotation,
where vr = vz = 0 in Keplerian rotation. This is shown
in Figure 5. We determine that the perturbations in
vr are the strongest contributors to the GI wiggle, and
are visible throughout azimuthal and radial disc extent.
The vz perturbations are also visible throughout az-
imuthal extent, but are of smaller observed amplitude.
The perturbations in vφ are not seen throughout az-
imuthal extent.
3.2. Robustness to viewing angle
We ensure that the detection of the GI wiggle is ro-
bust to the geometry of the observation by generat-
ing synthetic observations at azimuthal viewing angle
θ = 90◦, 180◦ and 270◦. We show the resulting channel
maps in Figure 6. The GI wiggle is observed at all radii
and azimuths in the disc for all viewing positions in the
channel maps. It does, however, have some variation
both in amplitude and number of inflection points.
Self-gravitating discs, by nature, are not axisymmet-
ric. Therefore, some variation with viewing angle is
expected. We plot integrated column density at an in-
clination of 30◦ in the top panels of Figure 7, for the
viewing angles θ of 90, 180 and 270 degrees. The corre-
sponding moment-1 maps, with Keplerian background
subtracted, are shown below. For θ = 90◦, interlocking
finger-like structure is observed, while this is not present
for θ = 180◦, 270◦. However, in all cases, the velocity
field shows clear deviation from axisymmetry and from
Keplerianity. We conclude that the GI wiggle in the
channel maps is the strongest kinematic signature for
GI, and most likely to be detected, and interlocking
structure in the moment-1 deviation from Keplerian is
a strong secondary signal that may depend on viewing
angle.
4. CONCLUSION
We have demonstrated that velocity perturbations
due to gravitational instability, in a disc imaged at 140
pc, have a clear kinematic signature that is detectable
with current ALMA capabilities: a spatial resolution of
∼ 0.1 ′′ and a spectral resolution of 0.03 km s−1. Al-
though planetary in origin, analysis of archival ALMA
data by Pinte et al. (2018) recovered velocity perturba-
tions of similar amplitudes in the protoplanetary disc
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Figure 5. Emission for GI and Keplerian velocity components. Top two rows show predicted emission for GI and for
exactly Keplerian rotation. Center row shows GI z-velocity component, with vr and vφ set to Keplerian, and bottom two rows
show vr and vφ GI velocity with all other velocity components set to Keplerian. Perturbations in vr are strongest and are seen
throughout disc azimuth and radius. Perturbations in vz are weaker but visible throughout azimuth and radius. Perturbations
in vφ only seen at specific azimuths.
HD 163296, with a total observing time of 4.7 hours,
and 2.5 hours on the science target (Isella et al. 2016).
Unlike spirals caused by embedded planets, GI spi-
rals do not cause a localised velocity deviation. They
perturb the velocity throughout the disc, resulting in
sustained “GI wiggles” that are visible at all disc radii
and all azimuthal angles. Furthermore, they may leave
clear, finger-like signatures in the observed velocity field
of the system, particularly pronounced when a Keplerian
rotation profile is subtracted. The detection of the GI
wiggle would provide strong evidence for the existence
of gravitational instability in protoplanetary discs.
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